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The noncollisional electron transport that is typical of low-pres$srE0 mTor) and low-frequency

(<10 MH2) inductively coupled plasmadCPg has the potential to produce highly anisotropic
angle-dependent electron energy distributigdEEDs). The properties of AEEDs in axially
symmetric ICPs were investigated using a Monte Carlo simulafiCS) embedded in a
two-dimensional plasma equipment model. A method was developed to directly compute the
coefficients for a Legendre polynomial expansion of the angular dependence of the distributions
during advancement of the trajectories of pseudoelectrons in the MCS. We found significant
anisotropy in the AEEDs for transport in the azimuthal—radial plane for a wide range of pressures
and frequencies, and attributed this behavior to the superposition of both linear and nonlinear forces.
The angular anisotropy of AEEDs in the radial—axial plane in the bulk plasma was found to be
significant only when the skin layer was anomalous and nonlinear Lorentz forces are large.
© 2003 American Institute of Physic§DOI: 10.1063/1.1614428

I. INTRODUCTION to the local electron thermal velocities, which suggests that

the AEEDs were considerably anisotropiciKolobov et al.

computationally investigated the angular distribution of elec-

trons in an ICP having a coaxial solenoidal cdilThey

for the growth of materials such as aligned Carbonfound that the angular dist.ribution of 'electro'ns.with energies
above the plasma potential was anisotropic in the radial—

nanotube$. Power in ICPs is largely transferred from the <. | | d that thi sot d d th
radio-frequency(rf) electric fields to electrons within the axia (rz_)_pan_e and that this anisotropy depends on he ra-
dial position(distance from the coil

electromagnetic skin layer. Many experimental and theoreti- In this article, we report on results from a computational
cal studies of this region have shown that the electron energ% o K ) .
vestigation of the angular anisotropy of AEEDs in low-

distributions(EED9 are generally non-Maxwellian as a re- pressure ICPs sustained in Ar and AffG. Legendre poly-

sult of nonequilibrium transport of electrofist’At the same . . o .
time, little is known about the angular dependence of thenom|aI coefficients describing the angular dependence of ki-

EEDs in and near the skin layer, particularly, when the skir?et'hcany d(_arlved AEEDs | are dler!ved Esmg samplmg

layer is anomalou$: This is partly a consequence of the echniques in a Mon'Fe C.aro simu at'|on. T © test reactor is
difficulty of making electric probe measurements of angle_cyllndrlcglly_symmetrlc W'th a flat .CO'I .ha‘f'”g,, antenna cur-

dependent electron energy distributigEEDs) 12 rent oscillating in the azimuthal directiokt: 6r” refers the

The angular anisotropy of the AEED in ICPs is often azimuthal-radial plane. rz” refers to the radial-axial

assumed to be small so that a two-term spherical harmoni%leiplg) Avézéosu:;]dt;gﬁ tqigee'zvsé?r;f\';%zt ra;?]gl:al?)rf a?fsostﬂ?gz
expansion can be used in the direct solution of Boltzmann’ P 9 P

equatior®*34This assumption works well for high-pressure 1-50 mTory and frequencie¢1.13-13.56 MHx Angular

or highly collisional plasmas, and for conditions where jn- anisotropyin therz plane occurs in the skin layer f_or most
elastic collision frequencies are small compared to elastigond't'ons and in thg bulk plasma only when the slgn layeris
collision frequencies. These conditions may not be met eve nomalous. We a'ttrlbute(.j these two types .Of amsotropy to
in swarm experiment€ As a result, the two-term approxi- electron acceleration by linear electrodynamic and nonlinear

. . ; . third-order for nd noncollisional electron transport
mation becomes increasingly less applicable as the pressuﬂ% d-order forces, and noncollisional electron transport due

decreases to the regime of interest for microelectronics fap? nonlinear Lorentz forces. The model is described in Sec. Il

rication (<10 mTord. For example, measurements of elec.and the results of our investigation are discussed in Sec. lII.
tron drift velocities in the skin layer of an ICP reactor at 10 Concluding remarks are in Sec. IV.
and 50 mTorr by Meyeet al. were found to be comparable

Il. DESCRIPTION OF THE MODEL

dpresent address: CFD Research Corp., 215 Wynn Drive, Huntsville, AL The model employed in this study is the Hybrid Plasma
35805; electronic mail: avv@cfdrc.com

bAuthor to whom correspondence should be addressed: electronic maiEquipment MOdel(HPEM) described in d?ta” in Ref. 10, '
mjk@uiuc.edu and references therein. The model consists of three major

Low- and intermediate-pressure inductively coupled
plasmagICPg are currently used for etching and deposition
in microelectronics fabricatiot;® fluorescent lighting;® and

0021-8979/2003/94(9)/5522/8/$20.00 5522 © 2003 American Institute of Physics

Downloaded 06 Nov 2003 to 128.174.115.149. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 94, No. 9, 1 November 2003 A. V. Vasenkov and M. J. Kushner 5523

modules. The electromagnetics modyEMM) is used to
solve Maxwell's equations for rf magnetic and electric fields.A(€i M) —A(€ N+ 2 Ady,
These fields are than used in the electron energy transport .
module (EETM) where electron transport coefficients and 2l L
source functions are calculated using the electron Monte XEn: o O(nt 28 mn) = milPi(kn) 1
Carlo simulationEMCS). The EMCS is strongly coupled to
the EMM as electron currents used in solution of Maxwell’s
equations are directly calculated in this module. In large parivhere
due to this coupling, the EMCS addresses noncollisional
heating, nonlinear electron dynamics, and warm plasma ef- A =w;At S (€= 20 €) €]
fects, which are significant at low pressure when the skin
layer is anomalou$l*!8 Results from the EETM are trans- X2 amdl (st 3T ) — 1]
ferred to the fluid-chemical kinetics modulEKM), which "
solves the continuity, momentum, and energy equations fog andr are the energy and location of tii energy bin
densities, momenta, and temperatures of neutrals an@hdkth spatial mesh cell having widthSe; and Ar,.. The
charged species, and Poisson’s equation for the electrostatimmations are ovegrpseudoparticles and bins discretiz-
potential. The sheath at the walls was not explicitly resolvedng angles. Thed function isolates the bin wheregs,
in the solution of Poisson’s equation as the sheath width was A wn=< ;< pun+ 3A . ADy; is a coefficient which ac-
considerably smaller than the size of the computational mesgounts for binning the particlein energy and positiorw; is
and the skin depth for the pressures and frequencies of inted pseudoparticle-dependent weighting, which accounts for
est. These modules are iterated until a converged solution t§e number of electrons the pseudoparticle represents, and
obtained. Although the EMM and FKM are two-dimensional, At; is the previous time stepy, is a weighting to account
the EMCS is fully three-dimensional, and so resolves transfor finite-sized-particle distributions. At the end of given it-
port in the 6r andrz planes. eration through the EMCS, the coefficientg(e;,ry) are

The time-averaged spatially dependent AEEDs are obobtained from the raw statistie (€;,ry) as
tained by recording statistics on the energy, location and di- 1
rection of electron pseudoparticles while their trajectories are  a (€ ,ry) =A (€ ,rk)/ 2 Ay € ,rk)J Podu
advanced in the EMCS. The methods of advancing the : -1
pseudoparticle trajectoriesemploying electron—neutral, Here, 2a4(¢;,ry) is equivalent to the angle-averaged AEED.
electron—ion, and electron—electron collisiprend the man- No special boundary conditions are applied to electron
ner of recording energies as a function of position, are demotion in the EMCS as the kinetic dynamics of the electrons
scribed in Ref. 10. The angular dependence of the AEEDgre followed through the presheath and sheath to the wall;
obtained from the EMCS are quantified here using a Legand removed from the simulation if they strike the walls.
endre polynomial expansion. The full anisotropic characteplthough the sheath width is not fully resolved, the electron
of the AEEDs is directly available from the EMCS and mean-free path exceeds both the sheath width and a numeri-
could, in principle, be recorded by binning the pseudoparcal cell width. As such, energy is appropriately conserved for
ticles in angle as well as energy. Based on past experience tfajectories which pass through these regions, a condition
deriving the harmonic time dependence of excitation rates ifwhich is enforced by dynamic choice of the integration time
similar discharge$] we chose the expansion approach asstep and use of higher-order integration techniques.
being more robust against statistical noise and more ame-

@

. (3

nable to analysis. I1l. COLLISIONAL, LINEAR, AND NONLINEAR
In this method, the AEEDs in thér or rz plane,f, are EFFECTS ON AEEDS IN ICPS
given by

A schematic of the reactor used in this study is shown in
Fig. 1 and is patterned after that used by Standeeal >
fler,¢)= E a/(e,r)Py(cosg), (1)  The ICP was produced in a cylindrically symmetric chamber
¢ (13 cm in radius and 12 cm talusing a three-turn antenna
set atop a quartz window 1 cm thick. Gas was injected
wheree is the electron energy, is the spatial locatiorP, is  through the inlet below the dielectric window and was
the ¢th Legendre polynomial, and, is the {th Legendre pumped out from the bottom of the reactor. A metal ring was
polynomial coefficients is the angle of the electron trajec- ysed to confine plasma. The electron-impact cross sections
tory with respect to a reference directiothy. In therz  and heavy particle reaction rate coefficients used in this in-
plane, ¢ is aligned with thez axis pointing up from the yestigation for Ar are reported in Ref. 10. Those for Ajffg
substrate to the coils. In ther plane,¢o is aligned with the  will be discussed in an upcoming pub“cation_
local azimuthal tangent in the direction of the azimuthal elec- ) -
tric field. For brevity in the followingu=cog¢). ﬁtzlgzma properties, Legendre coefficients, and
The raw statistics from which, are computedA(e,r),
are updated as electron trajectories and are advanced in the An antenna produces a rf magnetic fi@d in the plane
EMCS. After each update of the trajectories of theperpendicular to th@ axis as shown in Fig. 1. This rf mag-
pseudoparticles, netic field creates an inductively coupled azimuthally di-
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FIG. 1. Schematic of the cylindrically symmetric ICP reactor. The rf electric
field has only a tangent componet,, whereas the rf magnetic field is Ar Ar/CyFg
dominantly radially directed. 0 I 0
0

(b) 0 Rgdius (cn119 Rg’dius (cn11?
rected electric fieldE,. There are at least five dominant FIG. 2. Plasma parameters for the base case condit®msTorr, 400 W,
forces that act upon electrons. The first is the electrodynamig:32 MH2. (@ Electron density andb) electron temperature for Ar and
. . Ar/C,Fg mixtures. Electron density peaks in the middle of the reactor near

force — |Q| Ey. qis the electron charge, which acceleratesthe peak of plasma potential, whereas the electron temperature has a maxi-
electrons in thedr plane. The second is the electrostatiC mum at the edge of skin layer as a consequence of noncollisional heating.
force —|q|Eg, which accelerates electrons in the plane
towards the peak of the plasma potential in the middle of
discharge. The third is the second-order nonlinear Lorentavhich corresponds to the position of the maximumEp,
force (NLF), vXB, produced by the rf magnetic fielBsis  and for three heights. These heights, 11, 8, and 5 cm, are in
dominantly radially directed under the coils antias a large the electromagnetic skin layéabout 2 cm thick for the base
azimuthal component due to accelerationBy. The result case conditions bulk plasma, and near the substrate, respec-
is that the NLF produces acceleration axially downward fortively. (These locations are noted in Fig) The Legendre
our geometry. Recently, Tasokoret al. experimentally coefficients in Ar and Ar/GFg show similar trends, which
found evidence for a fourth forcEg, resulting from the su- are described as follows.
perposition of the ambipolar electrostatic field and the rf  The expansion coefficients in the plane obtained us-
magnetic fieldFg,~EXB,.%* This force is dominantly di- ing reference anglg, aligned along the axis are shown in
rected in theé direction for our geometry. We found that Fig. 3. In the skin layera, significantly exceeds the other
there is fifth force acting on the electrons in the plane, coefficients for energies below the plasma potential, imply-
which is commensurate with the linear electrodynamic forcang that the AEED, involving electrons electrostatically
at low pressures and low frequencies. This foﬁ:ﬁ? is due trapped in the plasma, is nearly isotropic. The odd coefficient
to the rf electric and magnetic fields. a; dominates and;~a, for energies>25-30 eV. Odd Leg-

The electron density and temperaturg are shown in  endre coefficients represent anisotropy in the forward direc-
Fig. 2 for the base case conditiof mTorr, 400 W, 3.39 tion, which in this case is aligned downward along #«is.
MHz) for ICPs sustained in Ar and ArfEg=70/30. The The large values of the odd coefficients imply that nearly all
peak electron density, which results from the drift of thermalhigh-energy electrons are accelerated out of the skin layer
electrons towards the peak of the plasma potential, is 1.thto the bulk plasma by the NLF. In the bulk plasma, where
x 10" em™2 in Ar and 6x 10°%cm™ 2 in Ar/C,F;. The peak the NLF is small and electrons experience a large number of
plasma potential is 13.4 Vin Ar and 13.0 V in Ai/lEs. The  electron—electron and electron—heavy particle collisians,
lower electron density in Ar/¢Fg is due in large part to the anda, dominate, andy is large only for energies above 30
higher rate of power dissipation per electron in the moreeV. Near the substrate the coefficients are small at energies
collisional molecular gas mixtur@., peaks at the edge of the below the plasma potential, implying isotropic AEERs.is
skin depth, 4.8 eV in Ar and 5.4 eV in Arj€g. Due to relatively large at energies above 20 eV, producing an AEED
higher rates of loss by attachment tgFRg and its fragments stretched in both the-v, and +v, directions.
a higherT, is required to sustain the plasma. The first five expansion coefficients for AEEDs for Ar

The first five expansion coefficients,(e,r,z) for the  and Ar/GFg in the ér plane are shown in Fig. 4. The refer-
angular anisotropy of the AEEDs in Ar and Ayl are  ence angle here is aligned along thexis or the local tan-
shown in Figs. 3 and 4 in thez and 6r planes for the base gent. The even coefficients dominate at all positions im-
case conditions. Coefficients are given at a radius of 5 cnplying that the AEEDs are stretched in both the , and
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rz plane, ¢, aligned with the z-axis or plane, ¢, aligned with the 6-axis
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(b) Energy (eV) Energy (eV) FIG. 4. First five Legendre expansion coefficients in theplane for the
base case conditions at heights(af 11 cm,(b) 8 cm, and(c) 5 cm for Ar
FIG. 3. First five Legendre expansion coefficients in tkeplane for the  and Ar/G,Fg mixtures Large even coefficients imply that the AEEDs are
base case conditions at heights(af 11 cm,(b) 8 cm, and(c) 5 cm for Ar stretched in the-v, and + v, directions.
and Ar/G,Fg mixtures. Odd coefficients, implying anisotropy of the AEEDs
in the —v, direction, dominate in the skin layer where the NLF peaks.

In contrast, the AEEDs obtained in th# plane using

—uv 4 directions, especially for energies above the plasma pathe tangent as the reference direction are anisotropic at both
tential. This azimuthal asymmetry in the AEED is intuitive aslow and high energies. At the beginning of a rf cycle, the
one would expect that the harmonic acceleration By  skin layer is populated by only thermal electrons. As the rf
would produce symmetric anisotropy, that is, egndomi-  cycle progresses, these low-energy electrons increase in en-
nating. The even coefficients are particularly large in the skirergy and also accumulate anisotropy. The frequency of
layer whereE, peaks.a, anda, are proportionally smaller electron—electron and electron—heavy particle collisions is
in the bulk plasma and near the substrate due to electroninsufficient at these low pressures to randomize the angular
electron and electron—heavy particle collisions reducing thelistribution of these electrons. Consequently, the time-
anisotropy. averaged AEEDSs, which include electrons from different

The AEEDs in Ar and Ar/GFg as functions of the,and  portions of the rf cycle, are anisotropic in all energy ranges.
v,, andv, andv, velocity components are shown in Fig. 5 The angular anisotropy in the low-energy part of AEEDs
in the middle of skin layer for the base case conditions whenn the dr plane results in proportionally largedirected drift
seven Legendre expansion components are used. The angwailocities in the skin layer. The average drift sp@ggcan be
distributions of electrons with energies below the plasma poestimated asl,/en., whereJ, is the amplitude of current
tential are nearly isotropic in thez plane with a small shift density in theé direction andn, is the electron density. For
in the — v, direction due to the drift of electrons towards the the base case conditions of 3 mTary=1.3x 10° cm/s. The
peak of the plasma potential. The anisotropy of the AEEDdrift velocity decreases with increasing pressure. For ex-
in the — v, direction increases with energy in large part dueample, at 10 mTorr and 200 W, the maximum of drift veloc-
to the NLF, which accelerates high-energy electrons out ofty is ~5.3x10" cm/s. Meyer et al. measuredw,~5
the skin layer. X 10" cm/s for similar conditiond®
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rz plane, ¢, aligned with the z-axis where ¢ =arctan/v,,). Without collisions the electron’s ac-
celeration due tdF(ol) produces only even coefficients in the
or plane as the electric field alternates between positive and
negative values. Collisions randomizing the purely harmonic
electron oscillations, yield the phase difference betweigh
andE,, and produce odd coefficients. These odd coefficients
are rather small compared to the even coefficients at low

[ I - B -

th'll]

v, (108cmis)

Py

a second-order nonlinear approximatioft

fofeV2rad™)

0 a 2 1 0 1 -ma. pressure when electron motion is dominantly collisionless.
4 They are proportionately larger at higher pressures when the
. collision frequency is larger.
~‘-_E"’3 3“10 Nonlinear forces, which are weak in the collision-
& 2 dominated regime, can dominate under collisionless condi-
E 1:10 tions (pressures<10 mTor).?3 The equation of motion using
}1._

0, (2
-3 2 1 0 1 2 3 4 E@=m q V)E —op e, (6)
{3} T "l‘z“ﬂﬂﬂmlrﬂ T | |{ 0~ Uy r }
i nay where we neglected the collisional damping term and ig-
@r plane, ¢, aligned with the G-axis noredB, compared td, . The second term on the right side
4 of Eq. (6) is typically referred to as the NLF. The change in
w3 positionrf}) can be determined by integratinél) with re-
= spect to time:
® 2
% I 5x1° w_ _ lal Ejcogwt—e) .
}{} T T e (Rt w2 ™
T4 Bx'rl.'.l
. Substitutingr (Y and v{") in Eq. (6) with their expressions
from Egs.(5) and(7), using that
g° JE(r.2)
32 5O ®
= x10°
h.‘! .
= ,,{e\.r'a'?ra '1.1]I and neglecting the term
D (EO)Z
4
(b) n@mm (EgV)E=———¢6, 9
46 gV 4.5 eV

as it is small everywhere except at the axis, one finds that the

FIG. 5. (Color) AEEDs in the middle of the skin layer,r(z2)  first term on the right side of Eq1) vanishes and the second
=(5cm,11cm), in th€a) rz and(b) 6r planes for the base case conditions term glves a force directed along thexis:

for Ar and Ar/C,Fg mixtures. The anisotropy of the AEEDs increases with

energy in the'z plane in large part due to the NLF. In contrast, the AEEDs N2

in the r plane are anisotropic at both low and high energies. F(z)z—quEOBO sin(wt)coq wt— ¢) (10
L mA et |

B. Linear and nonlinear forces in ICPs where we used thd, = B? sin(wt). In the collisionless case,

The angular anisotropy of the AEEDs is attributed to theym<w and ¢: m2, and Eq/(10) gives

superposition of linear and nonlinear forces. The linear equa-

. L . . (2) — (=1 (=1
tion of motion involves the electrodynamic force accounting F; [E By —E4Br cog20t)]. 1D
for electron acceleration in the, direction and collisional o _ —
damping? The velocnyvg ) and change in positior{?) are
V(el) (2) —q° 0
1 1 — —
F%):mT:—|q|E0—mv(0)Vm' (4) P EoB [wt S|n(2wt)/2] (12)
whereE ;= Eg cos(t). This equation is valid for weakly ion- —q?
ized cold plasmas and does not account for the motion of r(2>— EOB o w?t?+cog 2wt)/2]. (13
thermal electrons, which is included in the modeV{’, 4m*o
i (1) . . . .
resulting fromF37, is then F(?) consists of time-independent and time-dependent com-
Iq E% cog wt— o) ponents. The first component accelerates electrons out of the
_ 1A= ERWI T8 kin | d prod dd coefficients. Th d com-
Vgl=———————, (5)  skin layer and produces odd coefficients. The second com
m (vt ) ponent oscillating at the second harmonic produces time-
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averaged even coefficients. OwingFt@z) scaling as 1b, one rzplane o oo 41em 'OPane
should expect that the anisotropy of the AEEDs due to this 19 1.8
force would decrease as the frequency increases. Ar .
The third-order equation of motion in the collisionless gl tar S
limit is2* e
g S
@ _ IV (2) (2 o 5 0-6:/
F :mW:_MH(rZ V)Ey+v, Breg}- (14
0.2}
Substitutingr$? andv$? in Eq. (14) with their expressions 015 — 5553570
from Eqgs.(12) and(13), we find that the third-order force is (8 Energy (eV) Energy (eV)
directed along the tangent and is given by 10 r=>5cm, z1=§cm
PE | Ar | Ar
F((f):—qz EY B wt?+ 2wt + cog 2wt)/2 0.5l s 4 2:
4m w o 2 o
H Q \l"‘;
—sin(2wt)], (15 = i3 ;
where we used that /\(4 S et
0.1 A N . . .
1 9EG 0 10 20 30 40 %70 20 30 40
BY=—— —, (16) (b) Energy (eV) Energy (eV)
w JZ r=5cm,z=5cm
Due toF{®) being inversely related te, F{®) is particularly 1.0 Ar 18 Ar
large at low rf frequencies. The ratio &) to F{") in the 05 5 1.4}
collisionless regime can be estimated by averaging &ds. o <2 1ok
and(4) with v,=0 over half of the rf cycle when the electric o gc’ : //21'”'”"2”
field has a single sign. Using the base case plasma conditiong 4 [,2v. 57 oco.ew
and estimatingB, as 3 G at 13.56 MHz and 10 G at 1.13 T i AN
MHz, one finds thaF ?/F{V~5 at 13.56 MHz and Rat RETRAY 02 |, '8 4
' i - 0 10 20 30 40 ¢ 10 20 30 40
1.13 MHz. Co_mputanonal results presente_d below will sup o) Energy (V) ——1 13 MHz Energy (V)
port these estimates and show that the third-order nonlinea ---13.56 MHz

force can exceed the linear foré&" . As such,F{®) can be
the dominant force on electrons in ICPs at low frequencies iIfIG. 6. a,/a, for ICPs excited in Ar at 1.13 and 13.56 MHz in the and

the collisionless regime and an important mechanism fof" Planes at heights d& 11 cm, (b) 8 cm, and(c) 5 cm. Odd coefficients
. increase with decreasing frequency in ffeeplane as the NLF increases.
power deposition.

The behavior of the coefficients in th# plane is due to the superposition
of linear and nonlinear effects.

C. Variations of AEEDs from collisionless to
collisional conditions

The just described features of linear and nonlinear forceabove the plasma potential, even coefficients at 1.13 MHz
in ICPs are indicated by the ratias,/a, for different rf  are commensurate with those for 13.56 MHz, implying that
frequencies, but otherwise the base case conditions. Thesiee nonlinear force§§93) acting on the high-energy electrons
results, shown in Fig. 6, are for=5 cm for heights ranging exceed the linear force{") . In the bulk plasma and close to
from the skin layer(11 cm to near the substrai® cm). In  the substrate, the even coefficients for both frequencies are
therz plane, the contributions of higher-order terms at 1.13commensurate at energies below the plasma potential. At
MHz are larger than those at 13.56 MHz for all positions ashigher energiesa,/a, is larger for 1.13 MHz, for which the
F{) increases with decreasing frequency. The odd coeffinonlinear forcem(? is larger.
cients are larger than even coefficients in the skin layer at  The ratiosa, /a, with and withoutB,; for 1.13 MHz, but
1.13 MHz and are commensurate with the even coefficientstherwise the base case conditions are shown in Fig. 7 for
at 13.56 MHz. In the bulk plasma and close to the substrataherz andér planes. WithouB,, the NLF in the EMCS and
the even coefficients at 1.13 MHz are generally larger tha|1|=§2> in Eq. (12) are zero and the anisotropy of the AEEDs in
the odd coefficients for energies below 25 eV, producingtherz plane is due only to the thermal diffusion of electrons
AEEDs elongated in the-v, and —v, directions and sym- towards the peak in the plasma potential. In the middle of
metric with respect to the axis. skin layer ¢=5 cm), thea,/a, in therz plane withB,; for

Only even coefficients are shown in tide plane as the energies below 20 eV are larger than those obtained without
odd coefficients are small for both frequencies. The everB,. The coefficients are commensurate for energies above
coefficients are the largest in the skin layer, whEf) and 20 eV. These results are a bit counterintuitive. The NLF
F() peak. Here, even coefficients for 13.56 MHz are largershould accelerate electrons out of the skin layer, and so odd
than those at 1.13 MHz for energies below the plasma poeoefficients withB, should dominate, which is what we ob-
tential as a consequence of the increased value of the rf eleserve at low energy. The large odgd/a, at higher energies
tric field and FS}) in the skin layer. In contrast, at energies without B;; are likely a consequence of being close to the
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FIG. 7. a,/ay with and withoutB,; for ICPs in 1.13 MHz in Ar, but other-
wise the base case conditions at height&pfil cm,(b) 8 cm, andc) 5 cm.

Without the NLF B,=0) the anisotropy of the AEEDs in the plane is
due to only the thermal motion of electrons. Coefficients WBithare similar
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FIG. 8. a,/a, at pressures of 1 and 50 mTorr in the middle of skin layer,
(r,z)=(5 cm,11 cm), for otherwise the base case conditions in(@hez

and(b) ér planes. High-order coefficients in the plane large only at low
pressure when the skin layer is anomalous. Even coefficients ifrtp&ane

are large for a wide range of pressures as they are determined by the super-
position of linear and nonlinear effects.

th(e)anisotropy of AEEDs at high energies is determined by
F3),

The differences in Legendre coefficients with and with-
out Bys could be in part due to the fordeg,~EsX B re-
ported by Tasokoret al, and which is due to the electro-
static ambipolar field* For our conditions, one would expect
that Fgy, is only significant in the presheathbout 1 cm from

to those withoutB,; for energies below the plasma potential as they arewaIIS for the base capavhere the gradient of the plasma

determined byF(!) , whereas coefficients at higher energies are significantlypotential andB,; are largestf, likely affects, on a fractional
affected byB,; asF(® is directly proportional tcB .

boundary of the plasma. High-energy electr¢gabove the
plasma potentia) moving vertically upwards, which would
contribute to evera, /ay, are lost from the plasma leaving

only those directed downward to contribute to ajdag. In

the middle of the plasma and near the substrate§ and 5
cm) the lack of significant,, /a, at low energies implies that
without B,; the AEEDs are fairly isotropic. Any directionality

basis, low-energy electrons most severely as the high-energy
electrons quickly transverse through the presheath. Since in-
clusion of B;; affects the Legendre coefficients at high ener-
gies most severely, as shown in Fig. 7, one might conclude
that the angular anisotropy of AEEDSs is not particularly sen-
sitive to Fg,.

Noncollisional heating, nonlinear electron dynamics, and
warm plasma effects are significant at low pressure, when the
skin layer is anomalous, and are weak at high pressure, when
the collision frequency is larget*!8Consequently, the Leg-

at these energies is due to residual effects of the NLF, whickndre coefficients change significantly with pressure, as
accelerate electrons out of the skin layer.

The anisotropy in thedr plane is determined by the

superposition of the lineaF{") and nonlinear forceF{®)

given by Egs(4) and(15), respectivelyF{" is not affected
by By, whereass(?) is directly proportional tB,;. Conse-

quently, a,/ay, with B are similar to those withouB,;
for energies below the plasma potential as electrons witlthat the coefficients slowly decrease with energy at 1 mTorr,

these energies are electrostatically trapped in the plasmahereas those at 50 mTorr exponentially decrease as their
and the anisotropy of their distribution is determined byenergy increases. These trends can be explained by the dif-
F(1. Above the plasma potential, the coefficients wih

are significantly larger than those withdsi;, implying that

shown in Fig. 8. At 1 mTorr, when the NLF and warm
plasma effects are importardg in the rz plane is large at
high energies, implying there is anisotropy in the AEEDS in
the —v, direction. The coefficients at 50 mTorr, when the
collision frequency is large, are an order of magnitude
smaller tharay, implying a more isotropic distribution. Note

ferent mechanisms for electron heating at 1 and 50 mTorr. At
50 mTorr, the electrons are highly collisional and Ohmic
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